Abstract-Project management theory has not advanced beyond that developed in the mid-20 th century, even as project management practice struggles with managing complex systems development. Cost, schedule and performance are insufficient management focal points in the challenged world of system-ofsystems development. Acknowledging the systems aspect in managing projects, and the problem solving methodologies of systems engineering provides a basis rooted in engineering to address the challenges of the system-of-systems program management. This paper is a survey of systems, management and the cognitive sciences. The intent is to identify system-of-systems management focal points that go beyond the methodism approach to project management prevalent today.
I. INTRODUCTION
While the practice of project management has evolved since the mid-20 th century, project management theory has not [1] . Cost, schedule and performance, the trinity of project management, are metrics and constraints-the outputs of business processes-not management behaviors. Project management represents and is meant to manage change. However, it assumes a structured and stable environment that doesn't reflect the reality of today's exponential growth in technology and complexity. The traditional project management constraints are insufficient to enable and inform the management of complex, system-of-systems development programs.
Project management is intended to provide sustained, intensified, and integrated management of complex technological development [2] . It consists of applying resources to achieve a specific technical objective; managing and coordinating interdependent technical and social activities; and balancing sometimes severe constraints in cost, schedule, and performance [2] . These simple words mask a challenging management activity.
The reality is that simple projects and the management of those projects is an already complex process. Add technological development and associated system and systemof-systems complexity and the challenge is even greater [3] .
The goal of this paper is to use systems engineering, specifically enterprise systems engineering principles to identify systems engineering based management principles that will inform managers of system-of-systems projects.
II. THE PROBLEM
Managing any formal project in today's world of complexity is challenging. Managing the development of a system-of-systems can be a daunting task. The uncertainty associated with the maturation of the key technologies and the separate nature of subordinate systems, combined with sometimes ambiguous and vague requirements and everpresent uncertainty add to the challenge. Structural aspects of the system-of-systems, from the number of components to the detail of interfaces add to this daunting undertaking.
Although the premise of project management is simple, execution even in single systems development is very difficult. This basic system-of-systems project management challenge is no different from those issues found in large development projects, and is captured in this quote:
"Curiously despite the enormous attention project management and analysis have received over the years, the track record of projects is fundamentally poor, particularly for the larger and more difficult ones. Overruns are common. Many projects appear as failures, particularly in the public view. [I]s this the indictment of project management that it seems? [4] p. 7
This observation from 1987 is as true today as then. Decades later, and with ever increasing complexity, we are faced with the same results. Although the projects examined by these authors were not exclusively system-of-systems projects, it seems appropriate to ask, why can't we get systemof-systems management right? This research suggests that applying systems engineering principles to the management of system-of-systems projects may result in more disciplined, and successful outcomes.
While project management theory has not advanced beyond that defined and developed in the mid-20 th century, systems thinking and its application to management have received great attention. Even as project management practice struggles with managing complex systems development, scholarly work in systems emphasizes the importance of defining management as a systems activity [5] . Systems thinking, and by extension systems engineering can serve as a vehicle to help bridge gap in project management theory.
A focus on systems thinking and the continued development of systems engineering as discipline has fostered a renewed interest in applying systems thinking and systems Beyond Cost, Schedule and Performance: Managing System-of-Systems Programs engineering principles to management problems. A systems approach to project management complements the increased importance of systems engineering. The idea of adopting a systems approach to general management has been discussed in the literature since the 1960s. The emphasis of these early studies included the pursuit of efficiency, an emphasis on planning, and a general belief that systems thinking would lead to success. Key to this idea is that system engineering management of the technical aspects of development should be mirrored by a systems approach in the management of that technical effort. While formal study of project management has accelerated over the past thirty years, some assert that the scholarly study of the broad field of project management has diverged from the realities of the practice of project management [6] - [8] . In fact, recent studies note not only complaints from practitioners for lack of relevance, but also questions on the value of the Project Management Institute's Body of Knowledge (PMBOK) [1] . A fundamental conviction of this paper is that the project management environment has radically changed, and project management and decision science and practice has not kept pace [1] .
A project is a set of tasks related to each other, with specific objectives, in a set time period. A project has inputs, is subject to constraints, is guided and executed by mechanisms including people and resources-it is a system. An enterprise system extends a simple system and acknowledges the interaction of not only technical activities, but human and process activities as well [9] . Using this as background, and for the purposes of this paper, we therefore define project management as an enterprise system, consisting of "people, processes, and technology interacting with each other, serving some combination of their own objectives, those of their individual organizations and those of the enterprise as a whole" [9] This different approach to project management, a systems approach is suggested because of our better understanding of the dynamic nature and ambiguity of systemof-systems. The dynamics and uncertainty associated with complex development projects require expanding project management practice beyond tradition [10] . This paper uses systems, management science and the cognitive sciences to identify management principles suitable for the effective management of system-of-systems development. The intent is to define a system-of-systems project management principles that go beyond the methodism used in project management today.
III. SYSTEMS AND MANAGEMENT
Research in broad areas of project management is ongoing. Study of public works projects, one of the first disciplines to adapt project management, is a good example. In many cases, research in public works seems to be more willing to consider breaking from the cost, schedule and performance models by examining other variables. Specifically, government agencies dealing with the development of major infrastructure projects have found that a simple adherence to the principles of cost, schedule and performance are insufficient to provide the necessary control of projects. Owen et al, found that beyond cost schedule and performance, an appreciation of the details of financing, and the context of the project are essential elements for successful control of transportation projects [11] .
Systems thinking and its application to general management has waxed and waned over the past six decades. The idea of adopting a systems approach to management has been discussed in the literature since the 1960s [12] [13] . Early studies emphasized the importance of defining management as a systems activity [12] - [15] . The emphasis of these early studies included the pursuit of efficiency, an emphasis on planning, and a general belief that systems thinking would lead to success.
More recently, the continued evolution of systems engineering as a discipline has fostered a renewed interest in applying systems thinking and systems engineering principles to management problems [16] - [19] . A systems approach to project management complements this increased significance of systems engineering. Key to this idea is that system engineering management of the technical aspects of development should be mirrored by a systems approach in the management of that technical effort [20] .
The management science discipline has sought to quantify the activities of the various management disciplines, including project management. Tishler observed that in order to identify the managerial factors (and by extension the processes leading to those factors), success must be defined [21] . He further cites research by Pinto that definitions of success change during different phases of the lifecycle [22] . This suggests that the rigid adherence to cost, schedule and performance as indicators of success (and the hallmark of defense project management) alone does not reflect the totality of success in project management.
A constant theme in the management science literature is the criticality of addressing project complexity. We discuss project complexity below however, it is important to recognize that managerial and technical complexity, coupled with the limits of human capability, has resulted in challenges in both human, and organizational capacity. From the human perspective, complexity has spawned specialists, experts in a particular field. but that local, limited knowledge of the field precludes identifying potentially optimal solutions to interdependent program problems [23] . Specialization has a limiting function, in that the specialists in a project organization are measured by, and capable of addressing only those issues in their specific area. This suggests that requests for information or expertise outside specialist's area may have a debilitating effect on the efficiency and effectiveness of the project organization.
Systems engineering provides proven methodologies to analyze and define the management function. In fact, as analytical process, systems engineering decomposes system problems into component parts to provide for optimal solution. In the case of project business functions, these analytical steps include a quantitative evaluation of the relationships and interactions among and between the key variables in the project office, contractors, subcontractors, manpower, information systems, stakeholders and their interdependencies.
The systems engineering principle of decomposition also provides a methodological process to not only identify, but to measure the inputs, the time and cost associated with the process itself, and the outputs. For the same reason systems engineering uses requirements traceability to ensure adherence to system requirements, the analytical process provides a means of comparing business process outputs to both the inputs, as well as measuring those outputs in terms of efficiencies and effectiveness.
Systems engineering supports the development and maintenance of good design. That design leads to a design decision in complex systems development. The result of this analysis could be an improved design for the flow of information within the management function of the project organization. The emphasis of the management work needs to be on the management system, rather than the piece parts and daily responses typical of the project organization workday. In essence, we are suggesting that the project manager become, the chief systems engineer of the project organization.
IV. SYSTEM-OF-SYSTEMS PROJECT MANAGEMENT PROCESS PRINCIPLES
A system is a set of interacting components that have a relationship [24] . We consider a business process a system, as it is a self-contained activity that converts inputs to outputs. Identifying the characteristics of the business process system used in the project organization is essential to understand the processes. System engineering and analysis provides a means to develop an accurate description of a system [24] .
Process principles influence the accomplishment of the project, and are essential to understand the efficiencies of the project process. Payne suggests project management activities can be divided into categories including, capacity; complexity; conflict; and context [8] . Payne developed these categories in the context of managing multiple simultaneous projects. However, these categories are appropriate for measuring project management processes as they cover the range of activities in any project management organization.
A. Capacity/ Scope
Capacity (or scope) is a measure of the amount of work that can be performed by the organization. In the project organization, the number of people assigned times their available work time represents capacity. In industry, capacity and the necessary scaling (elasticity) is addressed through hiring, reassigning and releasing people, as well as using tools like overtime. In the government, hiring and firing to meet capacity needs is not feasible. And, for the most part, the personnel needed to address increases in organization scope are not eligible for overtime. Therefore, in any project organization, attaining required capacity is met either by providing capacity organically, or subcontracting activities to a commercial provider. The degree of subcontracting will be another process measure. Over a specific time period, capacity refers to the amount and type of work to be done, decisions to be made, resources needed to perform productive and managerial work; and the amount and types of information required [25] .
Capacity is measured in terms of the numbers of actions, processes, activities and tasks of the organization, and is applied across resources and information. The output of capacity is an inventory of process capability measured at the project organization level. Capacity is a measure of system potential. As in any systems development, capacity must be measured and managed to provide the elasticity necessary to address downsizing and surging. Capacity and the elasticity necessary to address surging is a critical, but oftenunaddressed process factor. Capacity/ Scope is also a measure of the capacity or magnitude of the project organization activities necessary for success. In resource constrained environments the details of scope provide the necessary information at the project organization level to make appropriate decisions on what can and cannot be addressed. Similar to systems engineering, including scope adds realism to the management process.
This research approach to the project management environment is critical because while a project may appear to be operating in an efficient manner and may even be at less than full capacity with regard to level of effort, it is the process by which the manager makes decisions at the various levels of capacity that will have an impact on the overall program performance outcomes. Capacity is a central systemof-systems management category.
B. Conflict
Conflict describes the actual management of the development of the system (or system-of-systems) and is related to the balances and choices made. Conflict is divided into three parts, people, system, and organization [8] . While the most important part of project management conflict is that associated with people, the structural issues of system-ofsystems generate their own conflict.
Those structural issues include funding and management, and how that funding and management fits in a hierarchy of system-of-systems development. Conflict arises over the span of control of the system-of-systems, and the relationship of the system-of-systems to the systems that are the basis of the system-of-systems. Often, those systems are in development and dealing with their own funding and management problems.
The people aspect of conflict starts at the level of the project manager. The PM is assigned a group of people on a temporary basis-a matrix organization. Project organizations are purpose-built temporary organizations that consist of people with different loyalties, and different masters. The first element of conflict is the fact the manager for the most part has limited control of the entire organization. A second major element of people conflict is change. Projects are about change, but change is anathema to most people.
System conflict is expressed as the balance of priority. At the organization level, priority is normally established by stakeholders, and decided by the PM. In system-of-systems development this prioritization responsibility is magnified. And as in any development activity, priority shifts based on actual events. At the process level priority is expressed as what activities get done in what sequence. At the system level priorities are a key decision point for the project manager. At the system-of-systems level it is often the lack of control over prioritization that causes the problems as the system developments are those activities funded and staffed. For this principle, examination and communication of priorities and associated decisions is central to understanding the outputs of the process. The different management levels have different goals, and that difference impacts on the establishment and the execution of priorities throughout the development.
Organization conflicts exist at both the stakeholder level, as well as between project managers in the system-of-systems hierarchy. Higher-level organizations both stakeholders and system-of-systems level set priorities that may or may not match those of the project organization. Similarly, the matrix support organizations (i.e. engineering) are tasked with providing support to different projects. How those leaders decide to allocate their resources impacts the success of the project, as well as the execution of the process.
C. Context
Context is the ecosystem of the project organization and the project. From a systems perspective context needs to be viewed from the viewpoint of all stakeholders [11] . Context includes the system-of-systems hierarchy of management, the politics of the stakeholder community, the political environment, resource availability, and force majeure.
Context includes those project organization activities that are essential to administer programs, but are not directly related to the management of the development/ or manufacture. Context ranges from tracking budget requests through the bureaucracy to responding to stakeholder inquiries on how resources are being used. In system-of-systems development context includes those activities that, while not tied directly to individual system development success, are essential for system-of-systems accomplishment. A recurring theme in this category is the necessity of inter-organizational and interpersonal communication. While a recognized factor, this communication causes considerable work not directly related to managing technical development. This work adds to the capacity issues previously discussed.
An oft overlooked, but critical aspect of context is politics. In fact, politics is by far the most powerful factor in the category of context. Most engineers and project managers dismiss politics as the realm of higher-level decision makers. In fact, many refuse to engage in politics as they find the practice distasteful {Pinto:2000ca}. However, dismissing those political activities can have consequence. Whenever people are put in an organization and asked to function as a team, there is an inevitable use of power and political behavior [26] . Notwithstanding a general distaste for political behavior in the workplace, the reality is the practice of politics is a prime force in any system-of-systems development. Political behavior is the process by which individuals and groups seek, acquire, and maintain power [26] . Understanding and influencing the context of a system-of-systems development is essential for success.
D. Complexity
Complexity refers to those activities concerned with the interfaces between the project management organization, the technical staff, stakeholders etc. Complexity as a factor of system-of-systems development has been detailed by Botchkarev, Sapolsky, Hughes, Gholz and others [19] [27] [28] [29] . Systems engineering was developed in part, to address the engineering aspects of complexity in the development of weapons systems [30] . While continuing to evolve, systems engineering has for the most part been able to address that technical complexity-indeed, a hallmark of systems engineering is its ability to provide a mechanism to address complexity [31] .
Complexity has a direct effect on management and decisions as the more complex the system, the potentially more complex the management and decisions necessary. Moreover, the mixture of human-socio-political complexity found in program management offices demands a closer look at how systems engineering and the behavior and management sciences can together address these problems.
Definitions and explanations of complexity abound, from Williams to Gell-Mann, to Holland, to Hughes [32] , [33] [34] [28] . Rather than select a specific definition, and to allow for a more complete analysis, the complexity framework developed by Sheard and Mostashari is adapted to illustrate project management complexity [35] . The framework includes a topology of different kinds of structural complexity, two kinds of dynamic complexity and socio-political complexity [35] . Table 1 captures the framework, and provides examples of its application to system-of-systems program management. Structural complexity includes the size of the acquisition system while focusing on the connectivity of the parts of the system and its hierarchy [32] . For purposes of the defense project management system, structural complexity also includes the civilian and military hierarchy and the connectivity between higher and lower level commands, and program offices. The number staff actions between these organizations is significant, and includes both issues relating to managing ongoing development, as well as issues discussed above of conflict, context and capacity.
Beyond the hierarchies, project organizations are major business entities directly controlling budgeting, spending and in most cases the award of fee to defense companies. project organizations are spread throughout the United States and overseas, and organized into military-type hierarchical organizations.
The architecture aspect of structural complexity is also influenced by the nature of defense acquisition. Since the technology development infrastructure (i.e. laboratories, R&D centers and manufacturing) is for most part privately owned, structural complexity also describes the network connectivity necessary for the system to function. Sheard and Mostashari divide dynamic complexity into short and long term. In the case of project management, unpredictability and uncertainty is common [35] . Whether it is a tactical response to a development problem, or an administrative response to directives, the project management system is in constant flux.
The unpredictability arises from the diverse and always changing aspects of ongoing development. Each individual (the human element) will interpret and emphasize different aspects of the problem and how to address that problem. This has potentially significant impact on the management system unless this unpredictability can be mitigated. In other words, the interdependency is severed, and project organizations are reduced to experience-driven survival skills rather than the approved project organization processes.
Uncertainty also stems for the military rotation policy where senior leaders change jobs approximately every twothree years. Most new leaders are driven to make a mark on the organization, and may be therefore unwittingly contributing to the uncertainty of the staff. This constant change has two main effects. The first is a focus on the shortterm. What can one do in the next 12-24 months that will make a difference and further a career? This constant change also affects the technical staff. Uncertainty is reflected in another complexity factor, socio-political [36] . It is this area where the nexus between management, and the nonengineering human factors of policy, process and practice of the system is most critical.
The last aspect of complexity in the context of program management is interdependence. When different systems interact, there are two results. The first is the cumulative effect of the interaction [37] . For the project organization, the interdependencies between those managing the development and those executing the development should result in repeatable, consistent results-continued progress in system development.
However, when the link between those managing and those executing is broken, or as can happen, ignored, the interdependency is broken. Consideration and appreciation of the effects of complexity is critical for any examination of the defense project management office. Complexity drives the necessity for a systems approach to project management.
V. CONCLUSION
This paper develops complex and system-of-systems management principles to identify and define system-ofsystems project management process principles. Table 2 lists the principles and the application of those principles in the management of complex and system-of-systems projects. Those principles, capacity, conflict, context and complexity offer increased insight beyond the typical cost, schedule and performance principles to the management of the system-of- systems programs. The result is a list of system-of-systems attributes that together with cost, schedule and performance provide a framework to address management of system-ofsystems development programs. Applying these four principles to project management is done in much the same way the mantra of cost schedule and performance are treated. However, rather than metrics these principles can serve as focal points as well as management principles.
Applied in system-of-systems projects, consideration of capacity, conflict, context and complexity serve to inform the manager of the system-of-systems specific project management challenges beyond cost schedule and performance.
